Abstract Structured catalysts prepared by means of coating cordierite monoliths with alumina-based suspensions containing transition metals such as Cu, Co and Fe and alkali/alkali-earth promoters such as K and Ba. Textural and structural features of these catalysts were analyzed by means of N 2 adsorption and SEM. Their activity in the simultaneous removal of soot and NO x was assayed in a lab-scale installation, using a carbon black as diesel surrogate. Catalysts exhibited significant activity in deNO x and soot oxidation. K and Ba enhanced both NO x adsorption and soot-catalyst contact. However Ba contributed to a greater extent to the adsorption of N-species, which moreover presented higher thermal stability than on K-catalysts, and K showed higher mobility than Ba. Thus, Ba-containing catalysts showed increased activity towards NO x reduction but shifted to higher temperatures in comparison to K-catalysts, which on the other hand resulted more active towards soot oxidation than Ba-ones. Fe-based catalyst turned out to be less active both in soot oxidation and NO x reduction than Co and Cu-based ones. Intensive calcination of the catalysts at 800°C for 5 h resulted in substantial loss of K and Ba. Loss of promoter depends, however, on the metal contained in the catalyst. In this sense Fe-containing catalysts showed higher stability. Calcination has a substantial effect on catalytic activity. Catalyst significantly lost their NO x adsorption capacity and showed similar activity than a catalyst prepared in absence of promoter, pointing to a substantial change in reaction mechanism and reaction predominantly occurring on metallic sites upon the loss of alkali/alkali-earth compound.
Introduction
Despite proven optimal fuel economy and durability, diesel engine-powered vehicles are responsible for important atmospheric emission of particulate matter, soot, due to the particular design of the combustion process [1] . Though engine modifications have helped to lower the emission of soot and other pollutants, fulfilling previously existing legislative demand, still there is always a trade-off between the reduction of soot emission and nitrogen oxides, NO x . Thus, the use of after-treatment technologies has turned out to be mandatory, and each time more efficient systems are being hunted, in order to meet present and each time more stringent upcoming emission standards [2] .
Moreover, under typical combustion conditions in diesel engines, i.e. lean-burn conditions, three-way catalysts are no longer efficient in reducing NO x [3] . Therefore, technologies such as selective catalytic reduction (SCR), in the presence of ammonia [4, 5] or hydrocarbons [6, 7] , as well as NO x storage-reduction (NSR), have been studied in the last years, with the aim of achieving an effective depollution of the exhaust gas. One of the most recent research efforts focuses on the simultaneous elimination of both contaminants, by means of catalytic filtration of the exhaust gas. Actually, it is well known that NO 2 enhance soot oxidation, but normally NO 2 concentrations in the exhaust gas are low (5-15 % of total NO x ) [8] , thus most advanced filtration systems incorporate a Pt-catalyst upstream the particulate filter allowing partial conversion of NO to NO 2 for subsequent reaction with the retained carbon material [9] [10] [11] [12] . Furthermore, attempts have been made to substitute this two-stage by a single stage [13] . Although only partial reduction of NO 2 to NO has been reported in the presence of noble-metal containing catalysts [14] , N 2 formation is claimed to take place when using non-noble metal systems, such as K-Fe [15] , K-Cu and K-Co [16] , La-K-Cu-V-O [17] and Co-Ba-K perovskites [18] BaAl 2 O 4 [19] or CuFe 2 O 4 [20] . In fact, in previous works [21] [22] [23] we reported considerable activity in the simultaneous elimination of soot and NO x at 400-550°C, for alumina-based catalytic systems supported over cordierite monoliths and containing transition metals such as Cu, Co and V, together with an alkali promoter, K. In general, in such catalytic systems the alkali promoter brings substantial benefits for soot oxidation, due to the formation of low melting point compounds, which improve soot-catalyst contact [18, [24] [25] [26] . On the other hand, this can result in a loss of catalytic material over time, moreover at peak temperatures during driving cycles, and thus alkali mobility is both advantage and disadvantage.
Experimental

Catalysts Preparation and Characterization
Cylindrical shaped cordierite monoliths (2MgOÁ2Al 2 O 3 Á5SiO 2 , Corning, 400 cpsi, 1 9 2.5 cm), were coated using different suspensions prepared by sol-gel synthesis, using a highly dispersible boehmite (Disperal, Salsol GmbH). Such highly dispersible aluminas have been previously employed as supports [27] , in the synthesis of washcoating suspensions [28] or as primers [29] 3 or BaC 2 O 4 ) as alkaline/alkaline-earth promoters. Metal to promoter mass ratio was fixed in 5:10, for an alumina load of 5 % wt, and HNO 3 /Al 2 O 3 ratio of 0.1. Mixtures were stirred for 24 h; measuring afterwards viscosity and pH, after 4 days ageing time. Coating was performed by forced circulation of the suspensions through the channels of the monoliths, with the help of a peristaltic pump. After 30 min circulation time, monoliths were dried in a rotating oven at 60°C during 24 h, and subsequently calcined at 450°C for 4 h. Table 1 presents a list of the different catalysts prepared, their labeling, coating suspensions and their viscosity and pH.
Physico-chemical characterization of the prepared catalysts was performed by means of scanning electron microscopy (SEM, Hitachi S-3400 N), and N 2 adsorption at -196°C (Micromeritics ASAP 2020), applying BET method for the determination of surface area, BJH and t-plot methods for the calculation of meso and micropore volume. Catalyst stability, i.e. in terms of loss of alkaline and alkaline-earth promoter, was evaluated by means of intensive calcination of the catalyst at 800°C for 5 h. Metal and alkaline contents were analyzed before and after this thermal treatment by means of ICP-OES (Jobin Ybon 200).
Activity Tests
Soot filtration was simulated by means of the incorporation of a carbon black (Elftex 430, Cabot, S BET : 80 m 2 /g, primary particle mean size: 27 nm), selected due to its identical behavior upon thermogravimetric oxidation in air, vis-à-vis laboratory-produced diesel soot. Still, the use of a carbon black can be considered as a conservative experimental approach, since the presence of soluble organic fraction (SOF) in real soot contributes to increased reactivity [30] . We are aware, nevertheless, that this technique to deposit soot on the catalytic layer does not correspond to real soot-catalytic contact normally established inside a diesel particulate filter (DPF). Soot deposition by air flow entrainment leads to different compaction of the soot cakes, depending on gas flow, resulting in different oxidation behaviors [31] [32] [33] . Each catalyst was introduced for 1 min into a continuously stirred dispersion of 0.2 g of carbon black in 100 mL n-pentane, then dried at 65°C during 1 h. Weighting the catalysts before and after allows the determination of the amount of carbon black loaded, which corresponded to approx. 20 % wt with respect to the mass of catalytic material deposited on the surface of the monolith.
The activity of the prepared catalysts in the simultaneous removal of soot and NO x was assayed in a lab-scale fixed bed installation. A reactant gas containing 500 ppmv NO and 5 % O 2 in Ar was flowed at 50 mL/min through a catalyst (1 9 2.5 cm). Experiments were performed at temperatures between 250 and 650°C, heating rate of 5°C/min. Concentrations of the different compounds were analyzed by means of mass spectrometry (Balzers 422) and gas chromatography (Varian Micro GC CP 4900). NO conversion, X NO , and, X NO x were calculated from the molar concentrations:
Þ. Carbon black conversion, X CB , was calculated using the initial amount of carbon black and the molar concentrations of CO and CO 2 : 
Results and Discussion
Catalysts Characterization
As previously discussed elsewhere [22, 23] , viscosity and pH of the suspensions, see Table 1 , depend upon their composition. In this case, the use of Co results in more viscous suspensions, in spite of the alkali promoter employed. Suspensions prepared using Fe show pH values lower than the one corresponding to alumina isoelectric point (around 3-4), pointing to incomplete gelation. In fact, when employing these suspensions, the amount of catalytic layer deposited upon coating, as well as average layer thickness measured by means of SEM analysis, are slightly lower than the ones determined for the rest of the catalysts. Increased layer thicknesses are obtained when using Co-based suspensions. Thicker layers result in higher tendency towards the formation of cracks, which may result in poor layer adherence to the walls, as recently reported [23] . Quite uniform coating was however observed in all cases; see Fig. 1 which presents SEM images acquired for FeK and FeBa catalysts. Table 2 shows the results obtained in the textural characterization of the catalysts by means of N 2 adsorption. The catalysts exhibit surface areas, S BET , between 6.3 and 12.7 m 2 /g, higher than in the originally macro-porous cordierite, pointing to pore filling upon coating. In fact, pore volume corresponds mostly to mesopores, with values ranging from 0.014 to 0.032 cm 3 /g, and average pore sizes from 5.8 to 8.8 nm. Fig. 2 a, c. No N 2 evolution was evidenced, fact that allows ascribing the observed reduction in the concentration of NO to its adsorption on the catalyst surface, almost neglecting the contribution of selective reduction of NO x during this period. Furthermore, adsorption seems to be enhanced in the case of the Ba-containing catalyst, i.e. 62 % of the NO x fed to the reactor within this period were adsorbed on the surface of CoBa catalyst, whereas 25 % was adsorbed in the presence of CoK. This adsorption stage is immediately followed by the desorption of N-species, see NO 2 concentration profiles in Figure a and c, occurring at temperatures between 400 and 500°C in the case of CoK, 400-600°C for CoBa. This delayed evolution of NO x in the case of CoBa points to the preferable accumulation of thermally more stable N-species on the surface of this catalyst, in comparison to CoK. Though carbon black oxidation sets-off at temperatures around 400-425°C, as indicated by the increase in CO 2 concentration, see Fig. 2b, d , maximal reaction rate takes place right after maximal NO 2 evolution. Oxidation is enhanced in the presence of this compound, accompanied by an important decrease in NO x concentration, due to selective reduction of N-species, as evidenced by the evolution of N 2 measured within the same temperature window. NO conversion peaks at 543°C in the case of CoK, reaching X NO = 0.42, whereas in the case of CoBa, higher NO conversion was measured, X NO = 0.72 but at considerably higher temperatures, i.e. 650°C. Carbon black conversion, X CB , at 650°C, is higher in the case of CoK, X CB = 0.84, than for CoBa, X CB = 0.63 %. Lower Ba activity in soot oxidation has been previously reported [26] . Figure 3 shows the results for the Cu and Fe catalysts. CuK and FeK show significantly less activity towards NO x reduction than CoK. Note that in spite of the initial NO x adsorption stage, no NO x reduction was measured following this period. However, CuBa and FeBa are able to reduce NO x at higher temperatures, i.e. for CuBa X NO x = 0.5 @ 600°C. With respect to carbon black oxidation, Cu-containing catalysts are slightly more active than Co-loaded ones. Catalysts prepared using Fe are less able to oxidize the carbon material, reaching maximal X CB = 0.4 @ 650°C. ICP-OES analysis of the catalysts before and after intensive calcination at 800°C evidenced significant loss of promoter as a consequence of such thermal treatment. This becomes more important in the case of K, and depends as well upon the metal in the formulation, pointing to the formation of eutectics or mixed oxides resulting in different stability. In this sense, about 40 % wt of K was lost for CoK and CuK, whereas 25-27 % wt diminution in K content was analyzed in the case of CoBa and CuBa. On the other hand, FeK lost 24 % wt K and FeBa 19 % wt Ba upon thermal treatment. Figure 4 presents the catalytic behavior of Co-catalysts after calcination. NO x adsorption capacity substantially decreases. In fact NO 2 evolution occurs to a lesser extent for the catalyst subjected to thermal treatment, particularly in the case of CoBa. Still, catalysts maintain certain adsorption ability vis-à-vis a catalyst prepared in absence of promoter. NO x reduction profiles results quite similar for the calcined catalysts and this Co catalyst, pointing to activity being due to metallic active sites. Activity towards carbon black oxidation appears to be identical for the calcined catalysts and the Co one, fact that highlights the importance of the alkali promoter in the catalyst formulation in order to achieve effective oxidation of the carbon material, both by means of enhanced N-species adsorption and active sites-carbon black contact.
Catalytic Activity and Catalysts Stability
Conclusions
Alumina-based gels containing transition metals (Cu, Co, Fe) and alkali/alkali earth promoters (K, Ba) were prepared and used as washcoating suspensions in the preparation of monolithic catalysts, tested in the simultaneous removal of soot and NO x . Catalysts exhibited considerable activity both in soot oxidation, reaching in some cases almost complete conversion, and deNO x activity, i.e. almost 60 % NO x for CuBa. The presence of Ba enhanced the adsorption of NO x with higher thermal stability, resulting in deNO x activity at higher temperatures in comparison to K-catalysts. Co further contributed to enhanced NO x adsorption in comparison to Cu and Fe. Carbon black, soot surrogate, was more easily oxidized in the presence of K-catalysts, pointing higher mobility of this alkali as a fundamental feature enhancing soot-catalyst contact. However, upon intensive calcination K-containing catalysts showed lower stability in terms of alkali loss, in comparison to Ba-containing systems. Loss of alkali/alkali earth promoter nevertheless depended upon the metal in the formulation of the catalyst, being Fe the one leading to more stable catalytic systems. Activity of the calcined catalysts notably changed after thermal treatment. In general, catalysts evidenced a substantial loss of NO x adsorption capacity, showing similar deNO x activity than analogous catalysts prepared in absence of promoter and much lower activity towards soot oxidation, pointing to a substantial change in the simultaneous removal reaction mechanism. Therefore, further efforts are needed in order to increase the stability of these catalytic systems, which represent a promising option for soot and NO x emission control in diesel exhausts.
